ABSTRACT Being delivered as sprays or expressed in plant, Bacillus thuringiensis (Bt) crystalline proteins (Cry toxins) display insecticidal activities against numerous Lepidopteran, Dipteran, and Coleopteran larvae. Comparative study of toxicities of Bt Cry toxins between larvae and adults may afford important new insights into the interactions of the toxins with receptor proteins in host insect, and represent intriguing targets for the control of insect pests. However, the effectiveness of Bt Cry toxins in insect adults has paid less attention. In the present article, the effectiveness of Cry1Ac and Cry1Ca on lifespans and reproductive performance of Helicoverpa armigera (Hü bner) and Spodoptera exigua (Hü bner) adults were evaluated by in vivo experiments. Considering transgenic plants express modiÞed, truncated versions of cry genes yielding active toxin fragment, we used activated Bt toxins at the concentration of 500, 100, and 20 g/ml in a 10% sucrose aquous solution. At the highest concentration, Cry1Ac and Cry1Ca shortened 48.1 and 48.9% of H. armigera female lifespan, and 43.5 and 38.5% of S. exigua female lifespan, and they reduced 37.8 and 40.3%, and 50.5 and 47.4% of H. armigera and S. exigua male lifespans respectively. Bt toxins negatively affected copulation. Exposure to 500 g/ml of Cry1Ac and Cry1Ca greatly reduced 50.0 and 46.8%, and 58.7 and 57.3% spermatophore acceptance by H. armigera and S. exigua females, respectively. Similarly, Cry1Ac and Cry1Ca exposure decreased 40.0 and 50.3%, and 61.3 and 60.0% of spermatophore transfer by H. armigera and S. exigua males, respectively. Moreover, exposure females rather than males to 500 g/ml of Cry1Ac and Cry1Ca signiÞcantly dropped 57.5 and 57.5% of the number of eggs laid by H. armigera, and 35.4 and 45.8% of the number of egg masses deposited by S. exigua. In contrast, both Cry1Ac and Cry1Ca did not negatively inßuence the egg hatchability. At the middle and the lowest concentrations, however, the biological effects of Cry1Ac and Cry1Ca on lifespans and reproductive performance partially or completely disappeared.
Bacillus thuringiensis (Bt) is a gram-positive bacterium that produces crystalline proteins (Cry toxins). Being delivered as sprays or expressed in plant, the Cry toxins display insecticidal activities against numerous Lepidopteran, Dipteran, and Coleopteran larvae (Tabashnik et al. 2008) . For example, transgenic cotton producing Bt Cry1Ac toxin can be effective against Helicoverpa armigera and Pectinophora gossypiella, and is beneÞcial to growers and the environment by highly reducing chemical insecticide applications and preserving arthropod natural enemies (Lu et al. 2012) . Thus, the transgenic cotton were grown on 3.8 million hectares in China in 2007 (Wu et al. 2008 ) and 58.4 million hectares worldwide in 2011 (Lu et al. 2012 ).
In contrast, the effectiveness of Bt Cry toxins in insect adults has paid less attention. Up to now, the toxins have been documented to negatively affect longevity or/and cause low level of mortality of several adult species in Lepidopterans such as Heliothis virescens, Spodoptera exigua (Hü bner) (Ali and Watson 1982 , Potter et al. 1982 , Grove et al. 2001 , and Danaus plexippus (Leong et al. 1992) , in Dipterans such as Ceratitis capitata (Gingrich 1987) , Bactrocera oleae (Navrozidis et al. 2000) , Anastrepha ludens (Robacker et al. 1996 , Martinez et al. 1997 , Robacker et al. 2000 , and Musca domestica (Indrasith et al. 1992) , in Coleopterans such as Leptinotarsa decemlineata and Diabrotica undecimpunctata howardi Barber (Johnson et al. 1993 , Weirenga et al. 1996 , Alyokhin and Ferro 1999b , Nault 2001 , and in Homopterans such as Macrosiphum euphorbiae (Walters and English 1995, Ashouri et al. 2001) . Moreover, the female fecundities of H. virescens (Ali and Watson 1982, Potter et al. 1982) , L. decemlineata (Weirenga et al. 1996, Alyokhin and Ferro 1999b) , M. euphorbiae (Ashouri et al. 2001) and B. oleae (Navrozidis et al. 2000) were reduced by Bt Cry toxin or/and transgenic plant exposure. Furthermore, the reproductive ability of L. decemlineata males was also signiÞcantly affected, only 12.5% of the males exposed to transgenic potatoes sired viable offspring, whereas 94% of the males fed on nontransgenic foliage successfully reproduced viable offspring (Alyokhin and Ferro 1999a) . Thus, the study of toxicity of Bt Cry toxins to adults may represent intriguing targets for the control of insect pests.
Two models have been proposed to explain the mode of action of Cry toxins (Vachon et al. 2012) . However, the available data challenge the two models. Many important questions concerning the mechanism of toxicity of Bt toxins remain just as poorly understood (Vachon et al. 2012) . Considering that the transcriptomics and proteomics between insect larvae and adults are dramatically different, along with their tolerance to Bt toxins, the comparative studies may afford important new insights into the toxicity mechanism of Bt toxins and their interactions with receptor proteins.
Moreover, the widespread and sustained use of Bt cotton and Bt sprays inevitably results in potential evolution of Bt resistance in pests. One strategy is to provide non-Bt host plants as ÔrefugesÕ to increase survival of susceptible pests. For example, several countries have required refuges of non-Bt cotton (Tabashnik et al. 2012) . In cotton growing region in China, ÔnaturalÕ refuges of non-Bt host plants other than cotton such as wheat, corn, peanuts, soybeans, and vegetables for H. armigera, and sugar beet, asparagus, alfalfa, corn, tomato, potato, onion, pea, citrus, and sunßower for S. exigua were widely planted and occupied Ϸ90% of economic plants (Wu et al. 2008) . Theoretically, this multiple cropping system could increase survival of susceptible pests and substantially delay resistance development to Bt toxins (Wu et al. 2008) , given that the susceptible moths from refuges moving into the transgenic cotton and plants sprayed with Bt formulant can successfully survive, mate with local resistant moths and reproduce normal offsprings. In northern China, four generations of H. armigera occur from June to October. Similarly, S. exigua also completes four generations within this period. In June, cottons begin to bloom. From July to October, cottons were at the ßowering and boll-forming stage (Wu et al. 2008) . After arrival in cotton Þeld from ÔnaturalÕ refuges, H. armigera and S. exigua moths from the Þrst to fourth generations may suck cotton nectar to obtain nutrients before and during mating and oviposition. If the ßoral nectar of transgenic cotton and plants sprayed with Bt formulant negatively affects H. armigera and S. exigua adult lifespans and/or reproductive performance, the effectiveness of refuge strategy was doubted.
Furthermore, a long-term and large-scale Þeld monitoring during 1992Ð2007 in multiple crops covering 38 million hectares of farmland in six provinces in northern China demonstrated that the regional occurrence of H. armigera on cotton and other major host crops was suppressed by the deployment of Bt cotton (Wu et al. 2008) . In contrast, S. exigua has been becoming a serious economic pest of cotton and vegetables across a wide distribution in China (Jiang et al. 2010 (Jiang et al. , 2011 . Wu et al. (2008) proposed that Bt cotton kills most of H. armigera second-generation larvae, and works as a dead-end trap crop for H. armigera population (Wu et al. 2008 ). Whereas S. exigua larvae are not or only sublethally affected by Cry1Ac (Chitkowski et al. 2003) , the fused Cry1Ac/Cry1Ab (Xia et al. 2000 , Zhang et al. 2001 , Wu et al. 2009 ), or the stacked Cry1Ac ϩ CpTI transgenic cottons (Xia et al. 2000) that were planted in China, the widespread and sustained use of Bt cotton and Bt sprays inevitably result in the outbreak of S. exigua. The effectiveness difference of Bt toxins between H. armigera and S. exigua adults may provide additional evidence for the hypothesis proposed by Wu et al. (2008) .
Because transgenic plants produce modiÞed, truncated versions of cry genes yielding active toxin fragment, we used activated Cry1Ac and Cry1Ca and initiated in vivo experiments aimed at addressing two questions. 1) Whether the two toxins negatively affect longevity and reproduction of H. armigera and S. exigua adults. 2) If so, is there any sensitivity difference in H. armigera and S. exigua adults to the two toxins? It has been reported that proteolytically activated Cry1Aa, Cry1Ac, Cry1Ca, and a mixture of Cry1Ca, Cry1Aa, and Cry1Ac (1:1:1) signiÞcantly reduce the lifespans of adult H. virescens, and Cry1Ca and the mixture signiÞcantly shorten the lifespans of S. exigua adults at concentrations of 500 g/ml, but not 167 or 25 g/ml (Grove et al. 2001 ). Therefore, we tested the activities of the Bt toxins at the concentration of 500, 100, and 20 g/ml.
Materials and Methods
Insects. H. armigera strain was collected from cotton plants (Gossypium hirsutum) at Xinxiang (35.2 N, 113.5 E), Henan Province in China in 1996. S. exigua was obtained from Brassica rapa chinensis at Nanjing (32.0 N, 118.5 E), Jiangsu Province in China in 2009. The larvae from the two species were routinely reared on artiÞcial diet (27.5 g wheat-germ powder, 7.5 g soybean ßour, 2.0 g yeast, 2.5 g agar, 93 ml water, 0.2 g Wesson salt mixture, 0.7 g vitamin C, 0.41 mg B1, 0.82 mg B2, 0.41 mg B6, 0.01 mg B12, 0.04 mg biotin 1.63 mg nicotinamide, 0.41 mg folic acid, 1.63 mg calcium pantothenate, 32.64 mg inositol, and 0.2 g citric acid) similar to that described previously (Xiao et al. 2010) , without exposure to any Bt toxin in an insectary under controlled temperature (28 Ϯ 1ЊC), a photoperiod of 14:10 (L:D) h, and relative humidity (RH, 70 Ð 80%).
At laboratory reared by above protocol, H. armigera eggs hatch in Ϸ3Ð 4 d. As they develop, eggs change from white to brown. Close to hatching, the black head capsule of the developing larvae is visible through the eggshell. Larvae go through six instars in 2Ð3 wk. The duration from moth emergence to fertile egg production was around 5 d. Taken together, a generation is estimated to be completed in Ϸ30 d. In S. exigua, eggs are laid in clusters, with the number from as few as 20 to over 100, and hatched in Ϸ5 d. Larvae molt Þve times in Ϸ16 d. The pupal stage lasts an average of Ϸ7 d. The life cycle is completed in Ϸ30 d.
Chemicals. Cry1Ac and Cry1Ca were active toxins, and were obtained from Envirologix Inc. (Portland, ME). Bovine serum albumin (BSA) were purchased from SigmaÐAldrich (St Louis, MO). Sucrose, sodium chloride (NaCl), potassium chloride (KCl), calcium chloride (CaCl 2 ), magnesium chloride (MgCl 2 ), sodium hydrogen phosphate (Na 2 HPO 4 ), and sodium dihydrogen phosphate (NaH 2 PO 4 ) were from Shantou Xilong Chemical Factory (Guangdong Province, China). All had claimed purities of 99%. ␤-Cypermethrin (4.5% E.C.) was acquired from Kenvos Biotech Co., Ltd. (Guangdong Province, China). These chemicals were stored in a refrigerator between the experimental sessions.
Cry1Ac and Cry1Ca were prepared in aqueous phosphate buffer (0.05 M, pH 10), and sucrose and BSA was dissolved in ddH 2 O to obtain stock solutions. To dissect female reproductive organs, a salt solution was obtained which included 7.0 ϫ 10
Ϫ4 kg/L of MgCl 2 , 1.5 ϫ 10 Ϫ4 kg of NaHCO 3 , 2.0 ϫ 10 Ϫ4 kg/L of NaH 2 CO 3 , and 7.0 ϫ 10 Ϫ3 kg/L of glucose. Longevity Test. After pupation, females and males were segregated based on the morphology of the abdominal segments of the pupa. Four independent experiments were conducted with H. armigera or S. exigua adults, respectively. For each species, the inßuences of two groups of solutions on longevity were respectively tested with Þve replicates (10 males or 10 females in each replicate). One group of solutions were: 1) a mixture of 500 g/ml BSA and 10% sucrose (negative control) according to Grove et al. (2001) ; 2) a positive control obtained by diluted ␤-cypermethrin (4.5% E.C.) 10,000 folds with solution 1; 3) a mixture of 500 g/ml Cry1Ac and 10% sucrose; 4) a mixture containing 100 g/ml Cry1Ac, 400 g/ml BSA and 10% sucrose; 5) a mixture containing 20 g/ml Cry1Ac, 480 g/ml BSA, and 10% sucrose. Another group of solutions contained the same negative and positive control, and three mixtures of Cry1Ca, BSA, and sucrose at the concentration of 500 g/ml, 0 g/ml, and 10%; 100 g/ml, 400 g/ml, and 10%; and 20 g/ml, 480 g/ml, and 10%, respectively. Fifty freshly eclosed male or female adults from a given day were collected and randomly divided into Þve groups with a total of 10 moths each. Each moth was placed into an opaque plastic cup (5 cm in diameter and 15 cm in height). On the bottom of the cup, a glass bottle (1 cm in diameter and 2 cm in height) was placed as feeder which contained 0.5 ml of solution. Feeders were Þlled daily with 0.5 ml of each toxin treatment or control solution and loosely plugged with sterile cotton, which acted as a wick and prevented moth from entering the feeder. The insects were monitored daily for mortality until all had died.
Copulation Ability Determination. The inßuences of several solutions on copulation abilities of both male and female moths were tested. The solutions included: 1) a mixture of 500 g/ml BSA and 10% sucrose (negative control); 2) a mixture of 500 g/ml Cry1Ac and 10% sucrose; 3) a mixture containing 100 g/ml Cry1Ac, 400 g/ml BSA, and 10% sucrose; 4) a mixture containing 20 g/ml Cry1Ac, 480 g/ml BSA, and 10% sucrose; 5) a mixture of 500 g/ml Cry1Ca, and 10% sucrose; 6) a mixture containing 100 g/ml Cry1Ca, 400 g/ml BSA, and 10% sucrose; 7) a mixture containing 20 g/ml Cry1Ca, 480 g/ml BSA, and 10% sucrose.
H. armigera females never mated during the Þrst two nights after emerging (Jallow and Zalucki 1998) . In contrast, both S. exigua males and females could mate one night after emerging (Rogers and Marti 1996) . In the experiment, freshly eclosed male and female adults were, respectively, collected and fed with a test solution for 2 d. The feeders were Þlled daily with the test solution. At the third day after emergence, 10 adults (males or females) from each solution were individually coupled with a sexual partner at the same age that fed on a 10% sucrose solution to form 10 pairs. Each pair was conÞned in an opaque plastic cup, and allowed to mate for one night. Each experiment was replicated Þve times.
For moths, successful mating requires transfer at least one spermatophore. Because the spermatophores remain in female bursa copulatrix, the number of successful pairings can be ascertained by dissecting the bursa and counting the spermatophores.
Realized Fecundity Assessment. To determine realized fecundity, deÞned as the lifetime number of eggs oviposited, More than 10 females were fed on each test solution mentioned in 2.4 for 2 d. The feeders were Þlled daily with the test solution. At the third day after emergence, the females were individually coupled with two males at the same age that fed on a 10% sucrose solution, and were conÞned in an opaque plastic cup and allowed to mate for one night. The presumed mated females were individually transferred to an opaque plastic cup, given unlimited access to the corresponding test solution. The cup was replaced and the feeders were Þlled daily until the end of the bioassay, and the number of eggs laid by H. armigera, and the egg masses and the number of eggs in each egg mass deposited by S. exigua were recorded. The dead females were preserved in 95% alcohol. At the end of the experiment, all females were dissected to examine the presence of spermatophore(s) to determine successful mating. Only the data from successful mated females were analyzed. Each experiment was replicated Þve times.
The inßuence of males fed on each test solution on the fecundity of control females was also examined. The newly eclosed males were fed on the test solution for 2 d. At the third day after emergence, 50 males (in Þve replicates) were individually coupled with two females at the same age that fed on a 10% sucrose solution and allowed mating for one night. The presumed mated females were individually fed on a 10% sucrose solution with the method outlined above. The number of laid eggs was recorded, and the data from successful mated females were analyzed. Fertility Assessment. For both H. armigera and S. exigua, neonates emerge from the eggs in 3 to 5 d. In total, Ϸ50 newly laid eggs obtained from fecundity bioassay were transferred and incubated in a small petri dish 5 cm in diameter in which a moistened piece of Þlter paper has been placed. Hatched eggs were recorded at 12 h intervals, twice the required time for the normal development. The observation replicated 20 times for each test solution.
Data Analysis. The data were given as means Ϯ SE, and were analyzed by analysis of variance (ANOVA) followed by the TukeyÐKramer test, using SPSS for Windows (SPSS, Chicago, IL).
Results
Effect of Bt Toxins on Adult Longevity. The average lifespans of H. armigera female and male adults were 13.8 and 17.8 d, and those of S. exigua females and males were 13.1 and 9.1 d, respectively, given unlimited access to BSA at the concentration of 500 g/ml in 10% sucrose solution. When ␤-cypermethrin was added to the BSA solution, the mean lifespans of H. armigera females and males were 4.6 and 4.9 d, and those of S. exigua females and males were 6.0 and 3.2 d, respectively. Statistically signiÞcant differences were found between these two solutions in both females and males of the two insect species (Table 1) .
When fed on the Cry1Ac solutions at the concentration of 20, 100, and 500 g/ml, the lifespans of H. armigera females were decreased by 15.0, 27.0, and 48.1%, with the latter two signiÞcantly shorter than that of negative control; those of S. exigua females were reduced by 3.8, 13.7, and 43.5%, with the latter signiÞcantly different from that of negative control. Moreover, exposure to Cry1Ca at the three test concentrations shortened 23.8, 36.4, and 48.9% of H. armigera female lifespans, and 14.1, 30.4, and 38.5% of S. exigua female lifespans respectively, with the latter two signiÞcantly shorter comparing to that of the negative control (Table 1) .
Similarly, exposure to Cry1Ac solutions at three test concentrations decreased 6.7, 23.9, and 37.8% of H. armigera male lifespans, and Ϫ2.2, 35.2, and 50.5% of S. exigua male lifespans, with the latter two signiÞ-cantly shorter than that of negative control. Moreover, exposure to Cry1Ca at the three test concentrations shortened 3.4, 35.2, and 40.3% of H. armigera male lifespans, and 20.0, 37.9, and 47.4% of S. exigua male lifespans, respectively, with the latter two signiÞcantly different from that of the negative control (Table 1) .
Effect of Bt Toxins on Adult Copulation. When females was fed on negative control solution for 2 d, and then coupled with a male on the 10% sucrose solution for one night, the average spermatophores accepted by H. armigera and S. exigua adults were 0.32 and 0.75, respectively. All successful mated individuals received only one spermatophore. Exposure to Cry1Ac solutions at three test concentrations decreased Ϫ3.1, 28.1, and 50.0% of spermatophore acceptance by H. armigera females, and 6.7, 28.0, and 58.7% of spermatophore acceptance by S. exigua females, respectively, with the latter signiÞcantly less than that of negative control. Similarly, exposure to Cry1Ca solutions at three test concentrations reduced Ϫ6.3, 21.9, and 46.8%, and 18.1, 24.0, and 57.3% of spermatophore acceptance by H. armigera and S. exigua females, respectively, with the latter signiÞcantly less than that of negative control (Figs. 1 and 2) .
When males was fed on negative control solution for 2 d, and then coupled with a female on the 10% sucrose solution for one night, the average spermatophores transferred to H. armigera and S. exigua females were 0.30 and 0.80, respectively. All successful mated individuals transferred only one spermatophore. For H. armigera males, exposure to Cry1Ac and Cry1Ca solutions at the two lower test concentrations slightly increased spermatophore transfer by 16.7 and 13.3%, and 6.7 and 23.3%, respectively. Cry1Ac and Cry1Ca at the highest test concentration statistically signiÞcantly decreased spermatophore transfer by 40.0 and 50.3%, respectively. For S. exigua males, exposure to Cry1Ac at the three test concentrations decreased 2.5, 32.5, and 61.3% of spermatophore transfer, and exposure to Cry1Ca reduced 6.3, 7.5, and 60.0% of spermatophore transfer, respectively, with the latter signiÞcantly different from that of the negative control ( Figs. 1 and 2) .
Effect of Bt Toxins on Adult Realized Fecundity. When H. armigera females were exposed to Cry1Ac at the three test concentrations, the number of laid eggs by successful mated females dropped 26.1, 38.2, and 57.5%, respectively. When exposed to Cry1Ca at the Negative control 13.3 Ϯ 0.9aA 18.0 Ϯ 1.0aA 13.1 Ϯ 0.9aA 9.1 Ϯ 0.7aA Cry1Ac, 500 g/ml 11.3 Ϯ 0.8aA 16.8 Ϯ 0.9aA 12.6 Ϯ 0.9aA 9.3 Ϯ 0.7aA Cry1Ac, 100 g/ml 9.7 Ϯ 0.7bAB 13.7 Ϯ 1.0bA 11.3 Ϯ 0.9aA 5.9 Ϯ 0.3bB Cry1Ac, 20 g/ml 6.9 Ϯ 0.6bB 11.2 Ϯ 0.8cA 7.4 Ϯ 0.6bB 4.5 Ϯ 0.3cC ␤-cypermethrin 3.9 Ϯ 0.4cC 4.4 Ϯ 0.3dB 6.6 Ϯ 0.5bB 3.3 Ϯ 0.2dD Negative control 14.3 Ϯ 0.8aA 17.6 Ϯ 0.9aA 13.5 Ϯ 0.8aA 9.5 Ϯ 0.8a Cry1Ca, 500 g/ml 10.9 Ϯ 0.8bA 17.0 Ϯ 1.0aA 11.6 Ϯ 0.8aA 7.6 Ϯ 0.4a Cry1Ca, 100 g/ml 9.1 Ϯ 0.7bA 11.4 Ϯ 0.9bB 9.4 Ϯ 0.9bAB 5.9 Ϯ 0.4b Cry1Ca, 20 g/ml 7.3 Ϯ 0.7cAB 10.5 Ϯ 0.7bB
Note: The data were given as means Ϯ SE, and were analyzed by ANOVA followed by the TukeyÐKramer test, using SPSS for Windows (SPSS, Chicago, IL). Mean values that do not share the same lowercase or uppercase letter are signiÞcantly different at P ϭ 0.05 or P ϭ 0.01. three test concentrations, the laid eggs decreased by 13.2, 32.8, and 57.5%, respectively. In contrast, when H. armigera males were exposed to either of Bt toxins and mated with untreated females, the number of laid eggs by successful mated females varied little ( Figs. 1 and 2) .
Similarly, exposure S. exigua females to Cry1Ac reduced 6.3, 16.7, and 35.4% of egg masses laid by successful mated females. Exposure them to Cry1Ca dropped 4.1, 37.5, and 45.8% of egg masses, respectively. Interestingly, exposure S. exigua females to either Bt toxins did not affect the numbers of eggs laid by successful mated females.
In contrast, when S. exigua males were exposed to either of Bt toxins and mated with untreated females, both the number of egg masses and the amount of eggs per mass from successful mated females did not vary (Figs. 1 and 2) .
Effect of Bt Toxins on Adult Fertility. Adult fertility, deÞned as the proportion of fertile eggs of all laid eggs, was evaluated by egg hatchability. The average hatchability was Ϸ80% in both H. armigera and S. exigua female fed on negative control solution. The mean hatchability did not inßuenced by exposure either females or males to each of Bt toxins (Figs. 1 and 2 ).
Discussion
Among insect herbivores in Lepidoptera, Diptera, and Coleoptera undergoing holometabolism, the adults often use plant-provided food supplements such as nectar and pollen to meet their nutritional requirements. For example, H. armigera and S. exigua adults feed on ßoral nectar and honeydew before mating and egg-laying to obtain nutrients contributing to their reproductive success (Tisdale and Sappington 2001) . Floral nectar contains water, sugars, free amino acids, proteins, and other substances. In the present article, we used an aquous mixture containing 500 g/ml BSA and 10% sucrose to feed H. armigera and S. exigua adults. The lifespans of the adults were similar to those feeding on 10% sucrose or honey, and were much longer than those feeding on water (Tisdale and Sappington 2001) . Because ␤-cypermethrin is often used in vegetable and fruit Þeld in China, and is known to kill H. armigera and S. exigua moths, we used ␤-cypermethrin as positive control in current study. When ␤-cypermethrin was added to the BSA solution, the mean lifespans sharply reduced. Moreover, our data showed the realized fecundity of per H. armigera and S. exigua female feeding on the aquous mixture of BSA and sucrose was Ϸ500 Ð1100. Because the preoviposition period for H. armigera and S. exigua females was Ϸ2 d (Coombs 1997) , we evaluated the realized fecundities from four night after emergence, our experiments slightly underestimated the numbers of laid eggs. In other laboratory strains, the realized fecundity of S. exigua ranged from 500 to 2,000 Marti 1996, 1997; Tisdale and Sappington 2001) , and that of H. armigera from 700 to 1,400 (Coombs 1997, Bird and Akhurst 2007) . Furthermore, we found that the egg fertilities of H. armigera and S. exigua ranged from Ϸ50 to 90%. In other laboratory strains, the egg fertilities of S. exigua were Ϸ16% to Ͼ90% Marti 1996, Tisdale and Sappington 2001) , and those of H. armigera were Ϸ75%-90% (Jallow and Zalucki 1998, Telang et al. 2003) . These data demonstrated that the aquous mixture of BSA and sucrose Fig. 1 . Impact of Bt toxin exposure of H. armigera females (A) and males (B) on reproductive performance indicated by transfer spermatophore, number of laid eggs and egg hatchability. Cry1Ac and Cry1Ca are at three test concentrations of 500, 100, and 20 g/ml, respectively. The data were given as means Ϯ SE, and were analyzed by ANOVA followed by the TukeyÐKramer test, using SPSS for Windows (SPSS, Chicago, IL). Bars topped with the same letters are not statistically different at P ϭ 0.05. was a suitable negative control and had little inßuence on survival, and reproductive performance of both H. armigera and S. exigua adults.
In the present article, we found that both Cry1Ac and Cry1Ca exhibited similar effects on the lifespans of H. armigera and S. exigua adults. In contrast, S. exigua larvae were more sensitive to Cry1Ca than those to Cry1Ac (HernándezÐMartṍnez et al. 2008 . Conversely, H. armigera larvae are more sensitive to Cry1Ac rather than Cry1Ca (Avisar et al. 2009 ). Similarly, the toxicities of several Bt Cry toxins to adult H. virescens are in the order of Cry1Ca Ͼ Cry1Ac Ն Cry1Aa (Grove et al. 2001) , those to H. virescens larvae are generally Cry1Ac Ͼ Cry1Aa Ͼ Cry1Ca (Hofte et al. 1988; van Rie et al. 1989 van Rie et al. , 1990 Oddou et al. 1991) . It seems that the speciÞc response of adults to the individual Bt toxins did not mimic that reported for larvae. Moreover, the LC 50 values of Cry1Ca, Cry1Ab, and Cry1Ba for susceptible S. exigua second-instar larvae were 0.15, 0.44, and 0.68 g/cm 2 , respectively , and that of Cry1Ac for susceptible H. armigera secondinstar larvae was 0.10 g/cm 2 (Xu et al. 2005) . The doses of the Bt toxins resulting in obvious biological effects on larvae are Ϸ3 orders of magnitude lower than those to adults. The reasons for altered toxin speciÞcity and sensitivity between larvae and adults might lie in a change in the Bt toxin receptors in different development stages. It has been long known that receptor cadherin plays a pivotal role in the intoxication process, the Lepidoptera cadherin proteins are more abundant in larval midguts in H. armigera (Wang et al. 2005) , S. exigua (Lu et al. 2012) , H. virescens (Aimanova et al. 2006) , Manduca sexta (Chen et al. 2005) , and P. gossypiella (Carriere et al. 2009 ). Up to now, however, cadherin mRNA was also found only in P. gossypiella male and female adults (Carriere et al. 2009 ). The comparison of abundance, distribution, and function of the cadherins between larvae and adults may shed light on the mode of action of Bt toxins. Thus, this toxicology Þeld deserves further researches.
Our results revealed that Cry1Ac and Cry1Ca negatively affected copulation and fecundities at the highest concentration. At the middle and the lowest concentrations, however, the biological effects of either toxin partially or completely disappeared. Consistent with our results, the realized fecundity of H. virescens adults was signiÞcantly reduced when a 5% sucrose solution containing 32,000 Ius/ml of Bt Berliner variety kurstaki was provided as a food source (Ali and Watson 1982, Potter et al. 1982) . Similarly, L. decemlineata adults that fed continuously on Bt potatoes since eclosion from pupae signiÞcantly changed their Fig. 2 . Impact of Bt toxin exposure of S. exigua females (A) and males (B) on reproductive performance indicated by transfer spermatophore, number of laid egg masses, number of laid eggs, and egg hatchability. Cry1Ac and Cry1Ca are at three test concentrations of 500, 100, and 20 g/ml, respectively. The data were given as means Ϯ SE, and were analyzed by ANOVA followed by the TukeyÐKramer test, using SPSS for Windows (SPSS). Bars topped with the same letters are not statistically different at P ϭ 0.05.
reproductive performance, females did not display any reproductive activity, and only 12.5% of the males sired viable offspring (Weirenga et al. 1996, Alyokhin and Ferro 1999a) . When newly emerged beetles subsequently exposed to non-Bt and Bt-potato, females remain reproductive, but with signiÞcantly reduced fecundity relative to control females (Alyokhin and Ferro 1999b) , whereas the reproductive performance of males varied little (Alyokhin and Ferro 1999a) . Furthermore, a transgenic potato Superior cultivar expressing the Bt Cry3A toxin negatively affected M. euphorbiaeÕs fecundity (Ashouri et al. 2001) . In addition, Bt isolate 114A spores and crystals reduced oviposition period, number of eggs, and lowered hatchability of B. oleae in laboratory test and Þeld experiments (Navrozidis et al. 2000) . The reduced reproduction by Bt toxins could result in lower numbers of insects in the Þeld, and exhibited a potential application. In all tested insect species, exposure to Bt toxins simultaneously reduced longevity and reproduction. Whether these two biological effects of Bt toxins result from the same toxicity mechanism or not need further works to examine.
In cotton Þelds, H. armigera and S. exigua moths sucked cotton nectar to obtain nutrients. Though no research reported whether ßoral nectar of Bt cotton included Bt toxins that were planted in China, the presence of Cry1Ac has been conÞrmed in ßoral organs ovary, androecium, calyx and petal, and pollen at the concentration of 0.2, 0.04, 0.03, and Ͻ0.04 g/g fresh weight, respectively (Chen et al. 2000 , Han et al. 2010 , Ϸ100 Ð500 times lower than the lowest concentration used in the present article. Even though spraying Bt insecticides may be possible to take the concentration of Bt toxins in nectars of plants much high, and even to reach testing dose, Bt insecticides were rarely used in cotton Þeld in China. It seems that sucking of the ßoral nectar from cotton did not negatively affect H. armigera and S. exigua adult lifespan and reproductive performance in China. Thus, our results provided empirical support to refuge strategy.
